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ABSTRACT 

This paper presents the results of detailed 
analyses of the images from experiments that 
were conducted on the formation of solid 
hydrogen particles in liquid helium. Solid 
particles of hydrogen were frozen in liquid 
helium, and observed with a video camera. The 
solid hydrogen particle sizes, their agglomerates, 
and the total mass of hydrogen particles were 
estimated. Particle sizes of 1.9 mm to 8 mm 
(0.075 to 0.315 in.) were measured. The particle 
agglomerate sizes and areas were measured, and 
the total mass of solid hydrogen was computed. 

A total mass of from 0.22 to 7.9 grams of 
hydrogen was frozen. Compaction and expansion 
of the agglomerate implied that the particles 
remain independent particles, and can be 
separated and controlled. These experiment 
image analyses are one of the first steps toward 
visually characterizing these particles, and allow 
designers to understand what issues must be 
addressed in atomic propellant feed system 
designs for future aerospace vehicles. 


NOMENCLATURE 


ASTP 

Advanced Space Transportation 
Program 

DOE 

Department of Energy 

FCC 

Face centered cubic 

FOV 

Field of view 

GLOW 

Gross lift off weight 

GRC 

Glenn Research Center (formerly 
known as Lewis) 

H 

Atomic hydrogen 

HCP 

Hexagonal close pack 

h 2 

Molecular Hydrogen 

He 

Helium 

LLNL 

Lawrence Livermore National 
Laboratory 

NASA 

National Aeronautics and Space 
Administration 


NLS 

National Launch System 

O/F 

Oxidizer to fuel ratio 

SMIRF 

Small Multipurpose Research Facility 

STR 

Space Transportation Research 

USAF 

United States Air Force 

Wt.% 

Weight percent 

x/L 

Non-dimensional distance from 
dewar lid 


INTRODUCTION 

For over 68 years, the promise of atomic 
propellants has been pursued (Refs. 1 to 10). 
Using atoms of boron, carbon, or hydrogen, 
maintained at cryogenic temperatures, very 
exciting advances in rocket propellants and 
airbreathing fuels can be created. Over the 
decades, many details of the physics of storing 
such propellants have been analyzed and 
experimentally determined. Current research is 
underway with a team from the USAF, NASA, 
DOE, university, industry, and small business 
partners (Ref. 2). The extensive data that has 
been amassed over the last 68 years have shown 
increasing storage densities for atoms in solid 
cryogenic storage media, and that there may be 
future breakthroughs that allow the more routine 
use of atoms for fuels. 


WHY ATOMIC PROPELLANTS? 

In the future, rocket and airbreathing 
propulsion systems may be able to gain great 
benefits from the enormous power of atomic 
propellants. A summary of atomic hydrogen 
rocket gross lift off weight (GLOW) is shown in 
Figure 1 (Ref. 3). Using a 15-wt.% atomic 
hydrogen fuel, the gross lift off weight of the 
launch vehicle can be reduced by 50 percent over 
the National Launch System (NLS) using 02/H2 
propellants. The baseline rocket and payload 
weight for the comparison is an oxygen 
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/hydrogen rocket taking 96,000 kg of payload to 
Earth orbit. For the atomic hydrogen fuel, the 
oxidizer to fuel (O/F) ratio is 0.0. Additional 
analyses and suggested optimal fuel selections 
for atomic rocket vehicles are presented in 
Refs. 3 to 6, and 9. 


SOLID HYDROGEN EXPERIMENTS 

Solid hydrogen particle formation in liquid 
helium was experimentally investigated. 
Experiments were planned to do an initial visual 
characterization of the particles, observe their 
formation, and molecular transformations (aging) 
while in liquid helium. The particle sizes, 
molecular transformations, and agglomeration 
times were estimated from video image analyses 
(Ref. 9). The work presented here includes more 
detailed studies of the video images, which more 
precisely measured the particles sizes. In the 
previous work (Ref. 9), only a few of the 
smallest particles were analyzed. This paper’s 
work includes the analyses of numerous images, 
and numerous particles in each image. The 
image analyses also allowed the study of the 
compaction or expansion of the agglomerated 
particles over time. Studying the compaction 
and expansion of the complete agglomerate will 
show the nature of the solid hydrogen particles, 
and their ability to remain independent entities. 

A mass estimate was not conducted in the 
previous work (Ref. 9). Using the new image 
analyses, the total mass of solid hydrogen that 
was formed in each run was also measured. 

Characterizing solid hydrogen particles is 
required before any practical propellant feed 
system can be created. Solid hydrogen particles 
were selected as a means of storing atomic 
propellants in future launch vehicles. When 
storing atoms of boron, carbon, hydrogen, or 
other atomic materials, a solid hydrogen particle 
is preferred. Very low temperature (T < 4 K) 
cryogenic particles have the ability to stabilize 
and prevent the atoms from recombining and 
controlling their lifetime. The particles and the 
atoms must remain at this low temperature until 
the fuel is introduced into the engine combustion 
(or recombination) chamber. 


EXPERIMENTAL SETUP 

The experiments were conducted in the 
Small Multipurpose Research Facility (SMIRF, 


formerly the Small Multilayer Insulation 
Research Facility, Ref. 1 1). The facility has a 
vacuum tank, into which the experimental setup 
was placed. The vacuum tank is used to prevent 
heat leaks and subsequent boiloff of the liquid 
helium, and the supporting systems maintain the 
temperature and pressure of the liquid helium 
bath where the solid particles were created. 

The experimental setup included several key 
components. Figure 2 depicts the helium dewar 
and the associated liquid hydrogen tank. A small 
cryogenic dewar was used to contain the helium 
bath, in which the solid hydrogen particles were 
formed. The dewar was 71 1.2 mm (28 in.) in 
height, with a 609.6 mm (24 in.) inside depth and 
had an inside diameter of 315.9 mm (12.438 in.). 
To create the solid hydrogen, liquid hydrogen at 
a temperature of 14 to 16 K was used. To 
contain the liquid hydrogen, a small stainless 
steel tank was used, which was 152.4 mm (6 in.) 
in diameter, and 609.6 mm (24 in.) long. As 
shown in Figure 2, the tank was mounted above 
the dewar. To control the hydrogen flow, a 
precision flow valve was used, and a video 
camera recorded the particle formation. All of 
the flow control for the liquid hydrogen, liquid 
and gaseous helium, and nitrogen purge gases 
was provided by the SMIRF systems. 

The field of view (FOV) of the camera 
versus the distance from the dewar lid was 
computed. Figure 3 compares the camera field 
of view with the dewar diameter. Once the liquid 
helium’s free surface is at x/L = .43 (315.9 mm, 
or 12.0 in., with L = 71 1.2 mm (28 in.)), the 
liquid's entire surface is in the FOV. For runs 1, 

2, and 3, the helium liquid level was maintained 
at nearly 559 mm (22 in.) from the dewar lid. 

This location was chosen based on the 
knowledge of the field of view of the camera. 
During runs 4 to 7, the liquid level was typically 
at 406.4 mm (16 in.) below the lid. This height 
was chosen to see the particles with higher 
magnification, and to see if there were any 
specific phenomena that were not seen in the 
wider angle view. 

Table I shows the locations of the silicon 
diodes for the temperature measurements. As 
these temperature measurements were used to 
establish the location of the helium surface and 
overall image sizes and field of view, the diode 
locations are presented. The detailed 
temperature profiles in the helium dewar are 
presented in Ref. 9. The diodes have a 
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temperature accuracy of +1 degree K, and they 
are attached to a non-metallic rake, composed of 
circuit board material that extended from the 
dewar lid into the liquid helium. The diodes 
were mounted on the rake. Circuit board 
material was used as it had a low thermal 
conductivity, it was readily available, and was 
easily cut to the proper dimensions. A 
polycarbonate screw attached the top end of the 
circuit board to a polycarbonate rod. The upper 
end of the polycarbonate rod was threaded and 
screwed into the underside of the helium dewar 
lid. 


TABLE I.— SILICON DIODE LOCATIONS IN 
HELIUM DEWAR 
L, DEWAR = 711.2 MM (28 IN.) 


Name 

Location below 
dewar lid (in.) 

SD4 (lid) 

0 

LL1 

2 

LL2 

4 

LL3 

7 

LL4 

10 

LL 5 

12 

LL 6 

14 

LL 7 

16 

LL 8 

19 

LL 9 

22 


EXPERIMENTAL PROCEDURE 

During the experimental runs, a small 
amount of liquid hydrogen was dropped onto the 
surface of the liquid helium. The hydrogen flow 
rate selected was l/500th liter per second, so as 
to see the particles form, and eliminate any 
chance of the relatively warm liquid hydrogen 
vaporizing all of the liquid helium in the dewar. 
A small amount of the liquid helium contained in 
a dewar vaporized as it froze the hydrogen 
particles. 

In the first step of the hydrogen freezing 
process, the liquid hydrogen temperature was 
lowered to 14 to 16 K. This process allowed the 
hydrogen to be at a very low temperature, near 
its freezing point. Comparisons of the heat 
capacity of helium and the heats of liquefaction 
and fusion (solidification) of hydrogen led to the 


selection of conditioning the hydrogen to a very 
low temperature before releasing it onto the 
helium surface. Otherwise a large amount of 
helium would have been used to condense the 
gaseous hydrogen, liquefy it, and then finally 
freeze the hydrogen into solid particles. Large 
clouds of vapor that are created during higher 
speed hydrogen freezing would have also 
obscured the formation process, and thwarted 
efforts to see the final particles. 

As the liquid hydrogen fell toward the 
helium surface, it begins to freeze and particles 
form immediately after hitting the helium 
surface. Some of the hydrogen appears to freeze 
as it falls, but some vaporizes as well. The 
hydrogen was a jet of fluid, with the outer shear 
layer vaporizing, but the central core remaining 
liquid for a short time, and finally freezing 
during the drop, and as it hits the helium surface. 

During the fall of the hydrogen onto the 
helium, some of the hydrogen went into the gas 
phase. Small clouds of hydrogen can be seen 
forming about the stream of hydrogen falling 
onto the free surface. Additional instrumentation 
will be needed to assess the total mass of 
hydrogen that is in the gas phase versus the solid 
particles. The temperature profiles of the dewar 
may shed light on the amount of gas formed, and 
a thermal and mass balance analysis can be 
conducted to more accurately measure the 
distribution of hydrogen gas and solid hydrogen 
in the dewar. A mass spectrometer can be used 
to determine the mass of hydrogen in the helium 
gas above the liquid helium. 

Solid hydrogen is less dense than helium, so 
the hydrogen particles floated on the surface, 
simplifying the particle imaging. In an 
operational propulsion system, this buoyancy 
property will be overcome by gelling the helium, 
thus allowing the hydrogen particles to be 
suspended in the helium. During the testing, it 
was noted that the frozen hydrogen particles may 
also serve as an effective gelling agent for liquid 
helium. 

Many frames from the videotape of the 
experiment were captured and analyzed. 

Table II summarizes the timing for the 
experimental runs, where each solid hydrogen 
formation run began. There was an interval of 
between 25 and 65 minutes between runs. These 
time spans were chosen to allow the particles to 
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TABLE II.— SOLID HYDROGEN VIDEO 
EVENT TIMING 


Prior to the first run, the helium level is between 
19 and 22 in. below the lid. 

13:36:27 The 1st drop begins. 

14:13:35 The 2nd drop begins . 

14:55:02 The 3rd drop begins. 

A new helium level is selected. The helium level 
is now between 12 and 14 in. below the lid. 

15:59:34 The 4th drop begins. 

17:00:50 The 5th drop begins. 

17:25 :5 1 The 6th drop begins. 

17:58:51 The 7th drop begins. 


agglomerate, and to observe any unusual or 
unexpected properties. A more detailed listing 
of the events from each run and the hydrogen 
temperatures prior to the hydrogen release are 
provided in Reference 9. The small particles 
were allowed to float on the helium surface for at 
least 25 minutes before adding more hydrogen. 
During that 25 minute minimum time span, they 
began to seek each other out, agglomerate into a 
larger collection of particles, and minimize their 
surface energy as they float on the helium. The 
particles also turned from clear or translucent 
crystals to cloudy crystals, implying a transition 
from face centered cubic (FCC) to hexagonal 
close pack (HCP) molecule packing (Ref. 12). 
After allowing the first batch of particles to form 
over 3 experimental runs, we agitated the helium 
surface, and saw that the particles quickly broke 
up into their original smaller components. The 
particles would then again begin to agglomerate. 
Additional flows of liquid hydrogen were frozen 
on the liquid helium surface, and a larger and 
larger mass of particles was observed. 


SOLID HYDROGEN TESTING RESULTS 

Three major measurements were conducted 
using the solid hydrogen images: particle sizes, 
compaction or expansion of the complete 
agglomerate, and the total mass of the solid 
hydrogen. Appendix A contains the tabular data 
on particle sizes. Appendix B contains the 
image data of the video observations. These data 
are the measurements of the particle and 
agglomeration sizes from the video observations. 


All of the observations were done with a black 
and white video camera, with a 56 degree field 
of view (or a 28 degree half angle). The fighting 
of the helium surface was with a fiber optic 
fighting system. The helium free surface was not 
always completely illuminated, especially for 
Runs 4 to 7. The indirect illumination of the 
reflected fight from the polished dewar surfaces 
allowed fight to illuminate the shadows 
surrounding the fit free surface. 


Analysis Background 

The images were taken with a 0.5 inch lens, 
charged coupled device (CCD) black and white 
camera. The illumination in the Dewar was 
created with 150 Watt bulb with the fight 
introduced into the dewar with an optical fiber 
system. The VHS video images were copied to a 
Betacam tape format to improve the ability to 
obtain high definition frames for analysis. A 
commercially available photo manipulation and 
analysis software package was used. 

There were three effective heights to the 
liquid level that were used in the image analyses. 
The highest level for the helium was during 
Runs 4 and 5 (x/L = 0.5, 14 in. below the fid), 
the lowest in runs 1 to 3 (x/L = 0.786, 22 in. 
below the fid), and in the intermediate height 
during runs 6 and 7 5 (x/L = 0.571, 16 in. below 
the fid). Three different baseline sizes for the 
overall image area (representing the entire free 
surface helium in the dewar) were used. The 
specific particle sizes were then measured, and 
the ratio of the two, with the overall dewar 
surface area, is used to compute the particle size. 


Particle sizes 


The solid hydrogen particles were analyzed 
by digitizing the video images, and measuring 
the sizes of the particles. The particle size 
measurements were corrected for the actual size 
of the particles using these equations: 

area, particle = (area, dewar/pixels, dewar) 
x pixels, particle 

where: 

area, particle = area of the particle (mm 2 ) 
area, dewar = area of the dewar free surface 
(mm 2 ) 
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pixels, dewar = number of pixels in the imaged 
free surface 

pixels, particle = number of pixels in the imaged 
particle 

At the beginning of and during each run, a 
variety of individual particles are measured. The 
smallest of the particles is identified, as well as a 
representative set of other larger particle sizes. 
Figure 4 illustrates a typical image from the 
analyses. The circle encompasses a small set of 
hydrogen particles that have agglomerated. 

Figures 5 and 6 provide the particle sizes. 
Overall, the initial formed particles were 1.9 mm 
to 8 mm (0.075 to 0.315 in.) in diameter. These 
particles were the smallest particles that formed 
during the initial freezing of the hydrogen. In 
this testing, no control was placed on the particle 
formation, other than the helium and hydrogen 
temperature and pressure and the flow rate of the 
hydrogen. The simple freezing process is 
somewhat random, and the particles will vary in 
size simply due to the random breakup of the 
stream of hydrogen that fell onto the helium 
during the freezing process. The other 
measurement variation of the particles from the 
video images that occurred was that all of the 
particles were not perfectly spherical or 
elliptical, thus an effective circular diameter, 
based on the particle area was calculated. These 
initial particle sizes were later used to estimate 
the thickness of the hydrogen layer that formed 
on the helium surface. 


Compaction and Expansion of Particle 
Agglomerations 

Compaction and expansion : After the 
particles have agglomerated, the overall 
agglomerate tends to begin compacting and 
expanding. The agglomerate is composed of 
many millimeter sized particles. Figure 7 
compares two images from Run 7, and shows the 
subtler changes of size of the agglomerate. The 
compaction and expansion of the agglomerate 
was evident after detailed sizing analyses were 
performed. Figure 8 shows this particle diameter 
comparison, and the sudden change in area that 
occurs later in the run. 

At the end of Run 7, the particles that had 
compacted were agitated to break up the 
agglomerate. The newly formed particles tended 


to cover a much greater area, and almost formed 
a gel structure across the liquid helium surface. 
Figure 9 compares the particle agglomerate 
shape from the time of 17,330 seconds 
(18:25:17) to 17,676 seconds (18:31:03) and 
shows this new expanded structure. This new 
more filamentous structure for the particles 
persisted until the end of the run. The earlier 
image is during the quiescent agglomeration 
period, and the later image shows the result of 
the violent break up of the particles caused by 
lowering the dewar pressure. The effective 
agglomerate diameter increased from 1 18.7 mm 
to 139.1 mm. This showed that the particles will 
break up into their smaller original constituents, 
and are largely able to remain independent 
entities. 


Total mass of solid hydrogen : After 
freezing occurs, and all of the particles have 
agglomerated at the end of each run, the total 
mass of hydrogen is calculated. The calculation 
is conducted by measuring the total area of the 
hydrogen agglomerate, multiplying by its 
thickness, and finally multiplying by the density 
of the solid hydrogen. 

Mass = area x thickness x density 

where: 


Mass = 
area = 


thickness = 
density = 


total mass of solid hydrogen (g) 
area of solid hydrogen agglomerate 
(mm 2 ) 

thickness of solid hydrogen 

agglomerate (mm) 

density of solid hydrogen (g/mm 3 ) 


The thickness of the hydrogen layer was 
estimated based on the observed diameters 
smallest particles that were observed during the 
beginning of an individual run. Figure 10 
illustrates the assumptions about the hydrogen 
layer thickness. The smallest diameter particles 
were measured during the first few minutes of 
the run. The largest and smallest individual 
particles that were found during the beginning of 
the run were used as the thickness of the 
hydrogen layer. In observing the solid hydrogen, 
it was found that the particles tended to 
agglomerate after the initial freezing process, but 
the particles were easily distinguished as 
separate entities during the agglomeration 
process. The density of helium and hydrogen are 
sufficiently different that all of the hydrogen 
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OBSERVATIONS 


particles float on the helium surface. No large 
“icebergs” of hydrogen are created in the 
freezing process. 

Two densities were used for the solid 
hydrogen: 7.7xl0" 5 and 9.0xl0' 5 g/mm 3 (77 and 
90 kg/m 3 ). These data were obtained from 
Refs. 13 to 16. A variation in the density was 
considered, as some of the particles may not be 
of a uniform density. Also, the density of the 
solid hydrogen may increase with time (Ref. 14) 
with longer exposure to cryogenic temperatures. 

The planned flow rate of liquid hydrogen 
was l/500th liter per second, or 0.154 g/s. On 
runs 1 to 6 the on-time for the liquid hydrogen 
valve was 7 to 13 seconds (Ref. 9), but only 1 to 
3 seconds of flow was observed. Using the total 
mass data and the timing for each run, the 
average mass flow rate can be estimated. The 
average flow rate for Run 1 was from 

Mass flow rate (g/s) = 0.220 g/3 s = 

= 0.073 g/s (for H2 density, 77 kg/m 3 ) 

to: 

Mass flow rate (g/s) = 0.421 g/3 s = 

= 0. 1403 g/s (for H2 density, 90 kg/m 3 ) 

Thus, the flow rates have a good match to the 
observed and desired flow rates. 

Figures 11 and 12(a) and (b) show the total 
masses of hydrogen calculated from the image 
analyses. Runs 1 to 3 (in Figure 11) and Runs 4 
to 7 (in Figures 12(a) and (b)) are contiguous 
runs, and these are presented in separate figures. 
The figures present a matrix of sizes from each 
run, as the precise hydrogen density and particle 
size (and the hydrogen layer thickness) is not 
known. Run 1 produced about 0.22 to 0.421 
grams of solid hydrogen. By Run 3, the total 
mass of solid hydrogen produced 1.6 to 3.6 
grams. At the end of Run 7, the total mass of 
hydrogen was 2.34 to 7.9 grams. 

The variation in particle size, and therefore 
the thickness of the hydrogen layer is especially 
interesting for Runs 1 to 3. Larger particles were 
formed in Run 1 , but smaller particles were able 
to form in Runs 2 and 3. In Runs 4 to 7, the 
particles did tend to be larger as time progressed, 
and this may be due to some clumping of the 
solid hydrogen as time proceeds. 


Precise knowledge of the hydrogen layer 
thickness was difficult to achieve. The particle 
sizes of the hydrogen were somewhat random. 
The variation in the solid hydrogen mass 
estimate was due to the uncertainties in the 
thickness of the hydrogen layer and the hydrogen 
density. More precise knowledge of the 
hydrogen density over time is needed. 

Additional higher resolution imaging of the 
hydrogen on the surface and at the surface level 
can provide important information to solve this 
difficulty. 

As the particles were agglomerating, some 
of the particles tend to stick together more 
tenaciously, and others rolled in the liquid 
helium, and only lightly osculated with the other 
large agglomeration. Sometimes, this motion 
persisted, and the area of the agglomerate varied 
from minute to minute, making a perfect 
measurement more difficult. 

Breaking up the particles was typically easy 
to accomplish. The pressure was reduced in the 
dewar to several psi less than atmospheric 
pressure, and the particles readily dispersed. 

Once the vacuum was turned on, and the 
particles were forced to separate, we saw the 
larger agglomerates or clumps, and some of 
these particle clumps persisted in a larger size. 

The small area that creates nucleate boiling 
will make the particle move in random motions, 
and prevent a quick agglomeration if there is 
only a small mass of hydrogen on the surface. 

There is a bright spot in the middle of the 
image for only the initial Runs 1 to 3. There was 
a localized nucleation site at the bottom of the 
dewar, that created a miniature boiling bubble 
stream, looking like a “tornado,” which reflected 
light directly back to the camera. During Runs 4 
to 7, when the surface was quiescent, the 
reflected light appeared due to the polished 
dewar surfaces. 

In some cases, there seemed to be a cloud of 
hydrogen or helium above the liquid free surface, 
which complicated the image analyses. These 
clouds took on two distinct forms. The first was 
simply a cloud of hydrogen that occurred 
because of the high flow rate into the dewar. 

This cloud dissipates as the hydrogen 
temperature drops, and the gas freezes, or goes 
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up the vent from the dewar. The second cloud is 
more fascinating, as it persists above the helium 
surface, but only under some specialized and, at 
least with this testing, mostly unreproducible 
conditions. 

A sheen or brightening of the hydrogen 
surface occurs when additional hydrogen is 
dropped directly onto the preexisting solid 
hydrogen from a previous run. This brightening 
is likely to be very tiny particles that have 
formed on the preexisting solid hydrogen, 
depositing from the gas phase. Such tiny 
particles were rarely seen, but their effect may be 
important and must be accounted for in future 
experimental planning. 

In the formation of the solid hydrogen 
particles, there were several rules of thumb that 
allowed better visualization of the surface. The 
quiescent surface of the helium allowed for the 
best visualization. Any contamination of the 
dewar surface created nucleating sites, which led 
to bubbles that can reflect light and obscure the 
particles. Subsequent testing in 2001 used a 
small aluminum cone to diffuse the' light from 
the optical fiber system, preventing any further 
glare or reflections. 

The mass flow rate of liquid hydrogen to 
form solid hydrogen must be small enough to 
prevent clouding of the field of dewar during a 
run. These clouds are vaporizing hydrogen, and 
the vapor may lead to inefficient hydrogen 
production. A continuous flow process where 
the hydrogen is carried away from the liquid 
hydrogen drop zone would likely be a good 
engineering solution and make for an efficient 
future production scheme. 

New testing that was recently completed in 
2001 showed other ways to create very tiny solid 
particles, with condensation of hydrogen gas. 

This formation process however, may be much 
more costly (much more helium required to 
freeze gaseous hydrogen) than using liquid 
hydrogen. In the subsequent solid hydrogen 
testing conducted in 2001, it appeared that tiny 
particles were observed freezing on the walls, 
and then slumping into the liquid helium. In 
other cases, the tiny particles appeared to 
scintillate, and in some cases appear to be 
microscopic. The particle created chains and 
“concatenated” into strings, and curled up into 
tight balls of solid hydrogen. Analyses of these 


data will no doubt find more preferred solutions 
for particle production. 


CONCLUSIONS 

Using video images from hydrogen freezing 
experiments, solid hydrogen particle sizes and 
the total masses of solid hydrogen were 
measured. The smallest particle sizes found in 
the experiments were from 1.9 to 8 mm (0.075 to 
0.315 in.) in diameter. After allowing the 
particles to agglomerate, the new complete 
agglomerate is typically a loose collection of the 
smaller particles, and is easily dispersed. 

Compaction and expansion of the 
agglomerate implied that the particles remain 
independent particles, and can be separated and 
controlled. At the end of Run 7, the particles 
that had compacted were agitated to break up the 
agglomerate. The newly formed particles tended 
to cover a much greater area, and almost formed 
a gel structure across the liquid helium surface. 
This new more filamentous structure for the 
particles persisted until the end of the run. The 
effective agglomerate diameter increased from 
1 18.7 mm to 139.1 mm. This showed that the 
particles will break up into their smaller original 
constituents, and are largely able to remain 
independent entities. 

The total masses of solid hydrogen created 
were from 0.22 to 7.9 grams. The data presents a 
matrix of sizes from each run, as the precise 
hydrogen density and particle size (and the 
hydrogen layer thickness) is not known. Run 1 
produced about 0.22 to 0.421 grams of solid 
hydrogen. By Run 3, the total mass of solid 
hydrogen produced 1.6 to 3.6 grams. At the end 
of Run 7, the total mass of hydrogen was 2.34 to 
7.9 grams. 


CONCLUDING REMARKS 

Many researchers have investigated the 
formation of solid hydrogen particles. 

Additional research conducted with solid 
hydrogen (Refs. 17 to 32) has pointed to many 
ways of creating particles that are acceptable for 
fusion energy research, and many other 
applications. The precise control of the 
formation process will be needed for storing 
atomic species in the solid hydrogen particles. 
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The formation and size of the particles in this 
testing were not controlled, save for the control 
of temperature and pressure. However, the size 
variations of the smallest particles seem to fall 
within the needed size for solid particle feed 
systems: 1.9 to 8 mm (0.075 to 0.315 in.) 
diameters. This observation bodes well for 
lower cost hydrogen particle production. 

Solid hydrogen and atomic propellants have 
a possible future not only for rocket propellants, 
but energy storage on Earth as well as systems to 
assist Humankind’s efforts to explore and one 
day establish human bases and more permanent 
footholds in the Outer Solar System. Of course, 
our current abilities to store atoms in solid 
hydrogen are limited with only a fraction of 
0.1 wt.% being stored. For effective propulsion, 
we must have from 15- and 50- wt.% of stored 
atoms. Hopefully with time, our abilities to 
manipulate matter and understand the basic 
nature of atomic species will catch up with our 
propulsion visions and imaginations, and make 
possible the fantastic potential for atomic rocket 
propellants. 
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Atomic hydrogen rockets: no helium addition 



Propulsion technology 

Figure 1.— Atomic hydrogen GLOW for monopropellants: 10-, 15, and 50-wt.% H, 
NLS = National Launch System, 96,000 kg payload for all vehicles. 
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Liquid 

hydrogen tank 


Liquid helium 
dewar 



Figure 2. — Solid hydrogen testing: helium dewar and liquid hydrogen tank arrangement. 


Solid hydrogen - camera field of view (FOV), 
28 degree half angle 



Figure 3. — Solid hydrogen experiment: camera field of view (FOV)? 
dewar diameter = 315.9 mm. 
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The circle contains a 
representative partial 
agglomeration of 
solid hydrogen 
particles. 


Figure 4. — Solid hydrogen particle formation experiment: Run 1, at 13:37:38. 
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Figure 5. — Solid hydrogen particle diameters: Run 1 to 3 - 3/23/1999. 
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Figure 7. — Solid hydrogen particle agglomerate compaction - expansion example: 
Runs 7 - at 16,231 seconds (18:06:58) and 17,330 seconds (18:25:17 ). 
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Figure 8. — Solid hydrogen particle diameters: Runs 7 - 3/23/1999. 



Figure 9. — Solid hydrogen particle agglomerate compaction - expansion example: 
Runs 7 - at 17,330 seconds (18:25:17 ) and 17, 676 seconds (18:31:03). 
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Numerous particles form 
initially after the liquid 
hydrogen flow. Particles 
“a” and “b” represent 
the smallest and largest 
individual solid 
hydrogen particles 
formed. 



The final 
agglomerate mass 
is estimated by 
assuming that the 
agglomerate 
thickness is equal 
to the diameter of 
the particles “a” or 
“b” 
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Figure 10. — Solid hydrogen mass estimation - illustration. 


Solid hydrogen mass: Run 1 to 3 



Figure 11. — Total mass of solid hydrogen: Runs 1 to 3. 
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Total hydrogen mass (g) 


Total mass of solid hydrogen: Runs 4, 5, and 6 
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Figure 12. — (a) Total mass of solid hydrogen: Runs 4 to 6. (b) Total mass of solid 

hydrogen: Runs 4 to 7. 
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Solid Hydrogen Experiments for Atomic Propellants 
Particle sizes from Solid Hydrogen video observations 
Dewar Diameter = 12.4375 in. 

Dewar inside diameter = 12 and 7/16 inches 


Particle size calibrations 
Run 1-3 at 72 dpi. = 508,664 pixels 

Run 4-5 at 72 dpi. = 538,483 pixels 

Run 6-7 at 72 dpi. = 541 ,063 pixels 


Run 1 

Particle diameter (mm) 


Run 2 

Particle diameter (mm) 


Run 3 

Particle diameter (mm) 


t within run t overall 


time 


13:36:27 



0.0 

13 : 37:06 

0:00:39 

0:00:39 

39.0 

13 : 37:15 

0:00:48 

0:00:48 

48.0 

13 : 37:18 

0:00:51 

0:00:51 

51.0 

13 : 37:25 

0:00:58 

0:00:58 

58.0 

13 : 37:28 

0:01:01 

0:01:01 

61.0 

13 : 38:54 

0:02:27 

0:02:27 

147.0 

13 : 41:44 

0:05:17 

0:05:17 

317.0 

13 : 41:46 

0:05:19 

0:05:19 

319.0 

14:13:35 


0:37:08 

0.0 

14 : 13:34 


0:37:07 

0.0 

14 : 13:39 

0:00:04 

0:37:12 

5.0 

14 : 13:42 

0:00:07 

0:37:15 

8.0 

14 : 13:48 

0:00:13 

0:37:21 

14.0 

14 : 23:32 

0:09:57 

0:47:05 

598.0 

14 : 23:35 

0:10:00 

0:47:08 

601.0 

14 : 23:43 

0:10:08 

0:47:16 

609.0 

14 : 55:02 


1:18:35 

0.0 

14:55:17 

0:00:15 

1:18:50 

15 

14:55:45 

0:00:43 

1:19:18 

43 

14:57:14 

0:02:12 

1:20:47 

132 

14:58:15 

0:03:13 

1:21:48 

193 

15 : 06:21 

0:11:19 

1:29:54 

679 

15 : 09:44 

0:14:42 

1:33:17 

882 

15 : 10:25 

0:15:23 

1:33:58 

923 

15 : 12:11 

0:17:09 

1:35:44 

1029 



a 

b 

c 

d 

0.0 





39.0 

6.057203 

16.59129 

9.602843 

9.78499 

48.0 

11.31033 

11.14431 

3.705953 

15.21568 

51.0 

7.29182 

12.57531 

16.42488 

10.31217 

58.0 

20.86556 




61.0 

7.62074 

9.343967 

32.18908 


147.0 

25.5031 1 




317.0 

32.77206 




319.0 

31.35236 





2227.0 

6.717617 

12.2513 


2232.0 

4.77068 



2235.0 

4.972063 

2.938175 

2.029834 

2241.0 

7.973038 

17.06351 

6.688339 60.48271 

2825.0 

85.36006 



2828.0 

85.0884 



2836.0 

87.77162 



4715.0 

4730.0 

2.870622 

3.068824 


4758.0 

4.294526 

4.178749 

4.083761 

4847.0 

3.961834 

3.758526 


4908.0 

4.059672 

3.598515 

2.214731 

5394.0 

111.2916 



5597.0 

114.3017 



5638.0 

109.4437 



5744.0 

109.1367 




9.001711 

6.688326 

6.008401 


4.248577 

6.024701 


Run 4-7 data - particles app A 
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Bryan Palaszewski 
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05/30/2001 


Solid Hydrogen Experiments for Atomic Propellants 
Particle sizes from Solid Hydrogen video observations 
Dewar Diameter = 12.4375 in. 

Dewar inside diameter = 12 and 7/16 inches 


Run 4 time 

Particle diameter (mm) 15:59:34 2:23:07 

15:59:44 0:00:10 2:23:17 

16:00:29 0:00:55 2:24:02 

16:08:19 0:08:45 2:31:52 

16:09:14 0:09:40 2:32:47 

16:11:33 0:11:59 2:35:06 

16:18:39 0:19:05 2:42:12 

16:22:54 0:23:20 2:46:27 

OO 16:27:20 0:27:46 2:50:53 

16:31:09 0:31:35 2:54:42 

16:36:15 0:36:41 2:59:48 

16:50:02 0:50:28 3:13:35 

16:50:25 0:50:51 3:13:58 

16:50:46 0:51:12 3:14:19 

Run 5 

Particle diameter (mm) 17:00:50 3:24:23 

17:01:22 0:00:32 3:24:55 

17:01:25 0:00:35 3:24:58 

17:01:38 0:00:48 3:25:11 

17:02:02 0:01:12 3:25:35 

17:02:22 0:01:32 3:25:55 

17:02:46 0:01:56 3:26:19 

17:25:34 0:24:44 3:49:07 

17:25:51 3:49:24 

17:25:57 0:00:06 3:49:30 

17:26:16 0:00:25 3:49:49 

17:26:22 0:00:31 3:49:55 


Run 6 

Particle diameter (mm) 


Particle size calibrations 
Run 1 -3 at 72 dpi. = 508,664 pixels 

Run 4-5 at 72 dpi. = 538,483 pixels 

Run 6-7 at 72 dpi. = 541 ,063 pixels 


a b c d e f g h 

0.0 8587.0 y 

10 8597.0 2.583046 2.558578 2.696979 

55 8642.0 2.618675 2.593871 1.907052 2.215794 

525.0 8587.0 4.106781 4.067881 3.88496 4.156323 3.247592 3.593161 2.763581 

580.0 9167.0 4.755112 4.710071 4.199846 3.191108 2 985008 

719.0 9306.0 

1145.0 9732.0 36.85054 36.50149 

525.0 9987.0 36.49171 36.14605 

1666.0 10253.0 36.67409 36.32671 

1895.0 10482.0 2.473078 2.449652 2.663053 2.730483 2.860578 2.828615 

2201.0 10788.0 3.134143 3.104455 2.828615 3.618376 

3028.0 11615.0 38.76242 37.39232 

3051.0 11638.0 35.64124 34.00761 

3072.0 11659.0 34.91626 34.58553 

36.05791 

0.0 12263.0 

32 12295.0 44.704 

35 12298.0 42.04606 

48.0 12311.0 44.94013 

72 12335.0 43.899 

92 12355.0 45.53423 

116 12379.0 44.57772 

164 13747.0 42.62378 

0.0 13764.0 

6 13770.0 3.618862 3.489112 2.104013 3.354346 2.1474 

25 13789.0 5.44949 5.51677 4.294799 2.783348 3.669478 2.783348 

31.0 13795.0 6.043319 3.32673 7 3.515445 


Run 4-7 data - particles app A 
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Solid Hydrogen Experiments for Atomic Propellants 
Particle sizes from Solid Hydrogen video observations 
Dewar Diameter = 12.4375 in. 

Dewar inside diameter = 12 and 7/16 inches 


Particle size calibrations 
Run 1 -3 at 72 dpi. = 508,664 pixels 

Run 4-5 at 72 dpi. = 538,483 pixels 

Run 6-7 at 72 dpi. = 541 ,063 pixels 


VO 


Run 7 

Particle diameter (mm) 


17:58:51 


4:22:24 

17:58:52 

0:00:01 

4:22:25 

17:58:52 

0:00:01 

4:22:25 

17:58:57 

0:00:06 

4:22:30 

17:59:01 

0:00:10 

4:22:34 

17:59:03 

0:00:12 

4:22:36 

17:59:06 

0:00:15 

4:22:39 

17:59:07 

0:00:16 

4:22:40 

18:06:58 

0:08:07 

4:30:31 

18:11:54 

0:13:03 

4:35:27 

18:14:59 

0:16:08 

4:38:32 

18:18:01 

0:19:10 

4:41 :34 

18:21:41 

0:22:50 

4:45:14 

18:25:17 

0:26:26 

4:48:50 

18:25:48 

0:26:57 

4:49:21 

18:26:01 

0:27:10 

4:49:34 

18:26:11 

0:27:20 

4:49:44 

18:26:17 

0:27:26 

4:49:50 

18:26:20 
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APPENDIX B 


SOLID HYDROGEN VIDEO IMAGES: MARCH 23, 1999 



Figure Bl. — Solid hydrogen images: Run 1 - 13:36:11. 



Figure B2. — Solid hydrogen images: Run 1 - 13:37:06. 



Figure B3. — Solid hydrogen images: Run 1 - 13:37:15. 
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Figure B4. — Solid hydrogen images: Run 1 - 13:37:28 



Figure B5. — Solid hydrogen images: Run 1 - 13:38:54 



Figure B6. — Solid hydrogen images: Run 1 - 13:41:44 
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Figure B7. — Solid hydrogen images: Run 1 - 13:41:46. 



Figure B8. — Solid hydrogen images: Run 2 - 14:13:34. 



Figure B9. — Solid hydrogen images: Run 2 - 14:13:42. 
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Figure BIO. — Solid hydrogen images: Run 2 - 14:13:57. 



Figure Bll. — Solid hydrogen images: Run 2 - 14:14:25. 
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